The sensitivity of the baroreflex determines its stability and effectiveness in controlling blood pressure (BP). Sleep and arousal are reported to affect baroreflex sensitivity, but the findings are not consistent across studies. After statistically correcting the effect of sleep on the baselines in chronically neuromuscular blocked (NMB) rats, we found that sleep affects BP and heart period (HP) baroreflex gain similarly. This finding is consistent with baroreflex modulation of HP and BP occurring at a location before the divergence of the sympathetic and parasympathetic pathways. Therefore, we hypothesized that the gain modulation occurs in the dorsal medial nucleus of the solitary tract (dmNTS). The present study used long-term dmNTS recordings in NMB rats and single pulse aortic depressor nerve (ADN) stimulation. Under these conditions, the magnitude of A-fiber evoked responses (ERs), recorded from the second-or higher-order dmNTS baroreflex neurons, was reliably augmented during high amplitude, low frequency EEG (slow-wave sleep) and reduced during low amplitude, high frequency EEG (arousal; ΔER = 11 %, t = 9.49, p < 0.001, df = 1016). This result has methodological implications for techniques that use changes in heart period to estimate baroreflex blood pressure gain, and general implications for understanding the relationship between sleep and cardiovascular control.
Introduction
The negative feedback baroreflexes have a central role in regulating blood pressure (BP), and baroreflex sensitivity or gain determines the stability and effectiveness of BP control. Sleep and arousal are reported to affect baroreflex sensitivity, but the findings are not consistent across studies that differ in experimental methodology and/or species: With the Oxford method, a vasoconstrictive drug elevates BP, and the cardiac baroreflex gain is defined as heart rate change (ΔHR) divided by the BP change (ΔBP). Pickering and others reported clear evidence of greater cardiac baroreflex gain during stages II and IV slow-wave sleep in humans, compared to the awake stage (12) (13) 16) . Using a non-invasive correlational method that deduces the baroreflex gain from spontaneous BP and heart rate sequences, Parati et al., (11) also found that gain increased during sleep; but, in studies in chronic animal that used a similar sequence method, but with more sophisticated criteria for sleep, Zoccoli et al., (21) found that, for rats, gain was substantially independent of states of wakefulness, active sleep, and quiet sleep.
The Oxford and the sequence methods both measure BP effects on heart rate, i.e., the baroreflex cardiac gain, but do not directly measure either the vasomotor baroreflex gain, or the total loop gain. This is because, doing the former requires implanted flowmeters, and the latter requires direct access to the baroreceptors. Thus, in practice to make inferences to total loop gain, which is the variable of interest, the cardiac reflex is taken as a surrogate for the overall reflex, and it is assumed that changes in cardiac gain proportionally represent changes in loop gain; however, the literature does not consistently support this assumption: For example, in chronic dog studies, implanted carotid sinus nerve stimulators elicit 12-22% greater bradycardia during sleep, but sleep produces no change in the net BP depressor effect (20) ; in baboons, during sleep, compared to the awake resting state, although the carotid occlusion (baroreceptor inhibition) effect on heart period (HP) is increased, lower abdominal conductance is unaffected, and the renal conductance response to occlusion is attenuated (1). In an earlier study, using chronically neuromuscular blocked (NMB) rats, which have distinct diurnal and sleepwakefulness cycles, we (4) compared the effects of electroencephalographic arousal on the openloop HP and BP baroreflex gains: Using the power of the delta band of the electroencephalogram (EEG δ ) as an index of sleep and arousal, and aortic depressor nerve (ADN) electrical stimulation as a baroreflex input, we observed that although the HP baroreflex gain increased with sleep, the open-loop BP baroreflex gain (the decrease in BP to the ADN test stimulus) did not. However, upon further analysis, we discovered that the raw correlational result was misleading: A partialcorrelations analysis, which also took into account the effects of sleep on BP level, showed that because the BP level was directly related to arousal, and BP baroreflex gain was directly related to BP level, the effect of sleep on BP gain had been "masked". But, HP gain was different:
although, as with BP, HP level depended on arousal, HP baroreflex gain did not depend on HP level. By mathematically "partialing out" the BP level effects on the baroreflex BP gain, the underlying relationship between EEG δ and BP baroreflex gain was shown to be approximately the same as that for HP baroreflex gain. Because the effects of sleep on HP and BP gain were almost exactly the same, we hypothesized that the modulation occurred at a common anatomical locus, before divergence of the parasympathetic and sympathetic pathways. Testing that hypothesis led to the present study.
The parasympathetic (cardiac chronotropic) and sympathetic (vascular tone; cardiac inotropic) baroreflex pathways diverge at the dorsal medial nucleus of the solitary tract (dmNTS). For the parasympathetic, the baroreflex dmNTS neurons project to the nucleus ambiguous (NA), and the dorsal motor nucleus of vagus (dmnX), then to the heart. Whereas, for the sympathetic, the dmNTS neurons project to the caudal ventrolateral medulla (CVLM), the rostral ventrolateral medulla (RVLM), the sympathetic preganglionic neurons (SPN) at the intermediolateral column of the spinal cord, and then to the peripheral vascular, renal, and cardiac sympathetic nerves. The post-dmNTS divergence provides ample opportunity for modulating influences from sleep and arousal to have separate effects on the baroreceptor parasympathetic and the sympathetic reflexes; however, our partial correlations analysis indicated that the effects were, in fact, quite similar (see the discussion of (4) for details and references). In the present study, we extended the NMB rat preparation, to enable direct measurement of the magnitude of single pulse ADN-stimulation-elicited evoked responses (ERs) from the second-or higher-order baroreflex neurons in the dmNTS. Sleep and arousal were respectively defined as epochs of high amplitude, low frequency; and low amplitude, high frequency EEG. Using these definitions, we found clear evidence that the ER magnitude was reliably augmented during sleep.
Methods
Twelve female Sprague-Dawley rats, weighting 230-270g, were studied one at a time, monitored continuously, and attended around the clock. These same rats were used in (17) (18) . damage to the ADN. The baroreflex area in the dmNTS was located using atlas coordinates, as well as the somatotopic features of the gracile nucleus, which at the search coordinates is 50 -150 µm dorsal to the baroreflex cells of the dmNTS (17) . The multi-unit dmNTS recording was with 1-2 MΩ glass insulated tungsten microelectrodes (Alpha-Omega, GA) mounted in a FHC hydraulic probe drive (50-16-1, FHC, ME), held in a digital stereotaxic carrier. Signals were amplified (gain = 20k; bandpass = 0.3-3 kHz; XCELL-3 X 4, 40-#40-8B, FHC) and digitized at 10 kHz. A typical preparation was maintained for an average of 14 days; the data used in this study were acquired on days 4-9. After healing of the surgical incisions and stabilization, which typically required 48-72 hrs, the isoflurane concentration was set at ≤0.5%, which is an analgesic level consistent with patterned sleep.
EEG sleep/arousal identification: From the bandpass filtered (0.1-100 Hz) EEG, two kinds of sleep/arousal cycles were identified ( Fig.1) : from Sleep to Wakefulness (S-W), and from Wakefulness to Sleep (W-S). The S-W cycles were identified as approximately symmetrical periods of high amplitude low frequency EEG activity, followed by low amplitude high frequency activity; and correspondingly, the W-S cycles were symmetrical periods of low amplitude high frequency, followed by high amplitude low frequency activity. Because of the neuromuscular block, electromyogram (EMG) or electrooculogram (EOG) criteria could not be used to distinguish arousal from rapid eye movement (REM) sleep; thus, to assure accurate identification of sleep/arousal cycles, we imposed several additional constraints: (1) cycle startpoints were set at least 2 minutes after an EEG transition was complete, and cycle stop-points at least 2 minutes before the next transition. To eliminate the need to interpret ambiguous midcycle EEG transitions (the dashed oval in Fig.1 ), we used ERs from only the first 25% of the cycle after the cycle start-point, and the last 25% before the cycle stop-point, i.e., Q1 and Q4 in Average EEG power: is the root-mean-square (RMS) of the bandpass filtered (0.1-100 Hz) EEG signal. Fig. 2 is a typical example of a stimulus triggered ensemble-averaged A-fiber ER trace from a dmNTS recording site. Using electrophysiology, pharmacology, and histology, we verified that the recordings were from second-or higher-order dmNTS baroreflex neurons and not from ADN fibers in the solitary tract (see details in (17) (18) ).
Magnitude of the A-fiber ERs:
The A-fiber ER is the activity in the post-stimulus latency range of 4-20 ms. Because the Pythagorean distance between the dmNTS recording and ADN stimulation sites is >11.5 mm, and only A-fibers conduct at >2 m/sec (5) , it is virtually certain that any activity arriving (at the dmNTS) within 20 ms is propagated in A-fibers, see detail in (17) .
The magnitude of A-fiber ERs was determined (from a stimulus-triggered, at t s (t s =0 in (17) P<0.0001, df =1013) ( Fig. 3) . Table 2 summarizes the sleep/arousal effects for all 11 rats on sBP, dBP, HP, and A-fiber dmNTS ERs. Fig. 3 is the graphic representation of the data in Table 2 . In 9 of the rats (i.e., rats 1-9 in Table 2 ), taken individually, the magnitude of A-fiber dmNTS ERs was reliably larger during the high amplitude low frequency EEG (sleep) compared to the low amplitude high frequency EEG (arousal) periods; in two rats (i.e., rats 10 and 11 in Table 2 ), the A-fiber ERs did not change significantly. length, each sequence was divided into quarters; wherein the first and last quarters were the S or W phases used in the analyses, and the two mid-cycle quarters were designated as transitional, and except for Fig 4(c) , the transitional quarters were excluded from the analysis. Although our criteria possibly might be seen as too stringent, they offered, in exchange for a loss of half of the data, a high degree of confidence that the identification of the states was as objective as possible.
Because the baroreflex is a closed loop, the overall loop gain, which is the decrease in BP per unit increase in receptor pressure (mmHg/mmHg), cannot be directly measured without (12) (13) ; or by statistically analyzing the sequential relationship of natural pressure and rate fluctuations (11) . Both of these methods assume that the cardiac rate response is representative of, and affected in parallel with, the overall baroreflex depressor response; however, some studies suggest that this assumption may not be correct (20) .
Previously (4), using NMB rats, with ADN electrodes, but without dmNTS brainstem recordings, we found that the heart period (HP) gain was greater during periods of greater EEG δ ( Fig.4 (a) ), but that the BP gain was unaffected by the EEG δ ( Fig. 4 (b) ); this result appeared to show differential effects of sleep on the two efferent baroreflex mechanisms. A true differential effect would imply that HP gain was not a good surrogate for BP gain. Although the raw variables gave different results, sleep also lowers both the heart rate and BP baseline, and a partial correlations analysis showed that the apparent difference could be explained by an inverse dependence of the BP gain, but not the HP gain, on the corresponding baseline level (4) . The difference between the HP and BP gains was an artifact of measurement, and not a physiologically relevant effect: the lowered baseline BP is closer to the hydrostatic 'floor' and responses at lowered baseline pressure have a higher probability of being 'clipped' or limited by the 'floor'. In (4;see Fig.7 ), after partial correlations correction for BP baseline, the relationship between BP gain and "EEG slow wave activity" was 0.26, which is comparable to the 0.20 value that we have found for the correlation between EEG and the NTS neural ER in the present study.
The partial correlations analysis thus showed that the HP and BP gains were affected approximately in parallel.
If the underlying effect of sleep on both HP and BP gain is similar, this would be consistent with a common site of modulation; and indeed, other physiological and neurophysiological evidence suggested that the dmNTS was the common site: Hypothalamic defense area stimuli inhibit carotid or ADN elicited baroreflex bradycardia and depressor responses (2, 6-7), and dmNTS cells with excitatory inputs from the baroreceptor sinus nerve and inhibitory inputs from hypothalamic defense area, are hyperpolarized by hypothalamic defense area stimulation in a way that shunts sinus nerve evoked excitatory postsynaptic potentials (9) .
These data led us to hypothesize that arousal attenuates baroafferent transmission through the dmNTS (4).
To examine that hypothesis, we added dmNTS recordings to the cardiovascular and EEG measures, and found that natural sleep modulates transmission of baroreceptor activity in the dmNTS: as predicted, the magnitude of A-fiber ERs from the second-or higher-order dmNTS baroreflex neurons, elicited by single pulse ADN A-fiber stimulation, was reliably augmented during high amplitude low frequency EEG, and reduced during low amplitude high frequency EEG ( Fig. 4(c) ). We have thus confirmed the conjecture of the partial correlations analysis (4) by direct physiological measurement.
Perspectives: Doba and Reis (3) found that lesions in the solitary tract nucleus (NTS), produced "fulminating hypertension", which was "abolished by mid-collicular decerebration".
Reis initially thought that he had found an important locus of integration of excitatory and inhibitory influences on blood pressure (14) , but as evidence of a more extensive and anatomically distributed baroreflex began to emerge, his supposition appeared to be wrong.
With time, the NTS came to be regarded by most physiologists as a "relay", rather than an important integrative center. However, in concordance with studies in acute and slice preparations, our recent report in NMB rats, of long-term potentiation (LTP) of the baroreflex input, and now, of sleep/wakefulness dependence of ADN elicited evoked responses in the NTS, affirms that there is functionally important modulation of the baroreceptor input at or before the nucleus of the solitary tract.
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Appendix: Identification and analysis of sleep cycles: Because we did not find a reliable automated procedure for paralyzed rats, individual sleep cycles were identified by manual scanning of the EEG record. Our specific goal was limited to comparison of sleep and wakefulness; thus, by rigorously defining a procedure for parsing the cycles into sleep and wakefulness periods, we sought to eliminate systematic bias that could influence the results:
When a putative EEG sleep cycle was identified, to minimize ambiguity at the transitions, the start and end points, designated as t 0 and t end , were set at 120s later and earlier than the visually apparent start and end points of the cycle, i.e. the first and last two minutes of data were discarded ( Fig. Appendix 1) . Sleep cycles have variable durations (Fig. 1) , and the cycle duration was defined as (t end -t 0 ). Somewhere in the mid-section of a cycle there is a transition from sleep to wake, or wake to sleep, but the precise point of transition is often not distinct; thus, to eliminate the need for a judgment, we divided the cycle into quarters (i.e., Q1-Q4); discarded the data from the second and third quarters, and took the data for analysis only from the first and fourth quarters. Thus, given that the duration of a quarter cycle was (t end -t 0 )/4, the data were taken from the intervals, [t 0 ] to [ t 0 + ( t end -t 0 where EEG V is the instantaneous EEG amplitude.
To enable pooling of EEG data across cycles and rats, the EEG activity for each quarter was converted to a percentage using the mean of the 4 quarters as the base, The only exception to restricting the analysis to Q 1 and Q 4 was for the correlational analysis in Fig. 4 , which compares the neural evoked responses of the present study with the cardiovascular evoked responses in (4) . Because, in the earlier study, we did not classify the sleep state, using all four quarters for this figure better aligned the evoked response with the cardiovascular data. Measurements: mean ± SE. "*" indicates that the p ≤ 0.0001. (4) with the gray dashed line newly added in (B) to indicate the difference in relationship between EEG δ and blood pressure gain before and after the partial correlations correction: After partial correlations correction for blood pressure baseline, the relationship between BP gain and "EEG slow wave activity" was 0.26, which is comparable to the 0.20 value that we have found for the correlation between EEG and the NTS neural ER in the present study. The S-W cycles were defined by approximately symmetrical periods of high amplitude low frequency EEG activity, followed by low amplitude high frequency activity; W-S cycles were symmetrical low amplitude high frequency, followed by high amplitude low frequency activity.
The typical S-W cycle above shows the defined components of sleep and wakefulness stage (see details in the Appendix): Transitions are often ambiguous; thus, to minimize errors of judgment, the start and end points, designated as t 0 and t end , were truncated at 120s after and 120s before the visually apparent start and end points of a cycle (dashed vertical lines). The truncated cycle was divided into four equal time intervals. Visual identification of a cycle depends upon observing a transition; thus somewhere in Q2 or Q3, a transition occurs from sleep to wake, or wake to sleep; however, it is sometimes difficult to designate exactly where; thus, to eliminate errors of judgment, and make the data selection as objective as possible, we discarded the data from Q2 and Q3, and used only those from Q1 and Q4 for analysis ( Fig. 4 was an exception:
because identification of the mid-cycle transition was unnecessary, all four quarters were used ).
In the example, Q1 is a sleep stage (S), and Q4 is wakefulness stage (W). Q n represents the n th quarter. S-W is the visually identified sleep to wakeful cycle. 
